Diabetes mellitus (DM) is chronic disease characterized by hyperglycemia and insulin resistance caused by dysfunction of pancreatic β cells. Over the past few decades, epidemiological studies have suggested that dietary long-chain polyunsaturated fatty acids such as docosahexaenoic acid and eicosapentaenoic acid decrease the risk of metabolic diseases including DM. The mechanisms underlying the therapeutic efficacy of dietary long-chain polyunsaturated fatty acids in treating DM have been partly revealed. In this review, the authors describe the antidiabetic effects of longchain polyunsaturated fatty acids and also discuss their possibilities as therapeutics for DM in the light of recent findings.
Introduction
Diabetes mellitus (DM) is a chronic disease in which the blood glucose level is too high because the body experiences insulin deficiency, decreased ability to use insulin, or both. The World Health Organization (WHO) has estimated that 347 million people worldwide have DM and projects that DM will be the seventh leading cause of death in 2030 [1] . According to the American Diabetes Association, most DM cases can be classified into two types: type 1 diabetes (T1DM) and type 2 diabetes (T2DM) [2] . T1DM is an immune-mediated disease characterized by an absolute deficiency of insulin secretion. T1DM patients have autoimmune destruction of pancreatic β cells, which leads to the absolute insulin deficiency. T2DM accounts for 90% -95% of all DM cases. T2DM patients have both hyperglycemia and hyperinsulinemia. Recent reports have shown that insulin resistance in the brain correlates strongly with Alzheimer's disease (AD) and that AD and DM are risk factors for each other. Because AD causes brain insulin resistance, oxidative stress, and cognitive impairment, it is sometimes called "type 3 DM" [3] - [7] .
Most T2DM patients are obese as a result excessive food intake, a high-fat diet, or lack of physical activity. Chronic inflammation caused by obesity has emerged as an important physiological mechanism linked to insulin resistance and T2DM. Obesity is associated with increased production of proinflammatory cytokines and activation of the inflammatory pathways in key metabolic tissues. Obesity itself causes insulin resistance. To cope with insulin resistance, pancreatic β cell mass increases to provide the required amount of insulin to maintain a normal blood glucose level in the early stages of DM [8] . However, hyperglycemia over a long period causes abnormal insulin secretion, which exhausts pancreatic β cells. Pancreatic β cell dysfunction leads to the accumulation of M1 macrophages in the pancreas and the secretion of inflammatory cytokines. Inflammatory cytokines cause inflammation and worsen insulin resistance.
Obesity also induces insulin resistance in adipose tissue [9] - [14] . Accumulated triacylglycerol in adipose tissue resulting from obesity increases both the size and number of adipocytes. Enlarged adipocytes secrete inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), and induce insulin resistance. Enlarged adipocytes also secrete the chemokine monocyte chemoattractant protein-1 (MCP-1) [13] [15]- [17] . M1 macrophages express MCP-1 receptors, and MCP-1 secretion causes M1 macrophage migration and accumulation in adipose tissue, leading to worsening of inflammation and insulin resistance. In addition, brain inflammation has been linked to obesity, and brain inflammation resulting from obesity inhibits leptin delivery into the brain (hypothalamus) [18] - [24] . Inflammation induces insulin resistance and aggravates DM. Therefore, suppressing inflammation is a promising approach to antidiabetic treatment. Administration of omega-3 polyunsaturated fatty acids (n-3 PUFAs) is one approach for suppressing inflammation. Some experiments have shown that n-3 PUFAs have anti-inflammatory effects in the hypothalamus [18] - [24] .
Fatty acids are organic acids with an aliphatic chain and a carboxyl group. Aliphatic acids with one double bond are monounsaturated fatty acids, and those with more than one double bond are PUFAs. PUFAs can be divided into two categories: the n-6 family (n-6 PUFA), which is derived from linolenic acid, and the n-3 family (n-3 PUFA), which is derived from α-linolenic acid [25] . Over the past few decades, epidemiological studies have suggested that n-3 PUFAs such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) decrease the risk of coronary heart disease, hypertension, and stroke, and improve mood disorders and cognitive function. Greenland Inuit who eat a diet rich in seafood containing a high level of n-3 PUFAs have low rates of coronary heart disease and DM compared with Danes who eat a typical Western diet [26] [27] .
As shown in Figure 1 , in this review, the authors focus on the mechanisms underlying the hypoglycemic action and antidiabetic effects of n-3 PUFAs in terms of the roles of the G protein-coupled receptor 120 (GPR120) as well as their possibilities as therapeutics for DM in Section 2 (Insulin-sensitizing effects of n-3 PUFAs via GPR120), peroxisome proliferator-activated receptors (PPARs), and sterol regulatory element-binding proteins (SREBPs) in Section 3 (Insulin-sensitizing effects of n-3 PUFAs via SREBP and PPARs). Improvements in endothelial dysfunction induced by n-3 PUFAs and the use of n-3 PUFAs as a DM biomarker that reflects blood n-3 PUFA concentration are also described in Section 4 (Improvement of vascular endothelial dysfunction by n-3 PUFAs).
Insulin-Sensitizing Effects of n-3 PUFAs via GPR120
The antidiabetic effect of n-3 PUFAs is based on the secretion of glucagon-like peptide-1 (GLP-1), which is mediated partly by GPR120 [28] . Incretins, peptide hormones secreted in response to food intake, increase endogenous insulin secretion. GLP-1, a 30-amino acid peptide hormone derived from proglucagon, is the most potent incretin hormone and is secreted from lower intestinal L cells. Secreted GLP-1 is rapidly degraded by dipeptidyl peptidase-4 (DPP-4), which causes the short half-life for GLP-1 of <2 min [29] [30] . In cultured cells, GLP-1 secretion by GLUTag, STC-1, and NCI-H716 cells has been reported [31] - [33] . Food intake stimulates GLP-1 secretion by L cells [34] , and the direct administration of nutrients to the apical lumen of L cells also increases their secretion of GLP-1 [35] [36] . Elrick and co-workers reported in 1964 that insulin secretion induced by oral glucose administration was higher than that induced by intravenous administration [37] . It was proposed Figure 1 . A schematic representation of the effects of n-3 PUFAs on the hypoglycemic action and antidiabetic effects in this review. The role of GPR120, and the role of SREBP and PPAR are described in Section 2 and Section 3, respectively. Improvements in endothelial dysfunction induced by n-3 PUFAs are described in Section 4. that this phenomenon reflects the stimulation of insulin secretion by GLP-1 secreted by L cells in response to oral glucose administration.
Of note, GLP-1-induced insulin release requires hyperglycemia because GLP-1 causes only minimal stimulation of insulin secretion under normal circumstances. The insulinotropic effect of GLP-1 is linked to hyperglycemia, and GLP-1 does not cause hypoglycemia. Several studies have reported a significant reduction in GLP-1 secretion in response to food intake in T2DM patients [38] - [40] . However, the elimination rate of GLP-1 is similar in T2DM patients and in healthy individuals [41] .
Green and co-workers reported that exposure to 5 mM glucose increases GLP-1 secretion, glucose transporter 4 (GLUT4) protein content, and subsequent glycogen synthesis in myocytes. GLP-1 secretion increases the GLUT4 protein level in skeletal muscle or fat, which increases glucose uptake and glycogen synthesis [42] . Thus, stimulation of GLP-1 secretion is one promising approach to inducing antidiabetic effects. Many antidiabetic agents that work by stimulating GLP-1 secretion, such as the GLP-1 agonists exenatide, and liraglutide, have been reported. Studies have shown that the increase in GLP-1 secretion stimulated by mastication leads to suppression of insulin resistance [43] - [45] . GLP-1 secretion by long-chain monounsaturated fatty acids also has been reported in murine, rat, and human L cells [33] [46] [47] . Hirasawa and co-workers showed that stimulation of GPR120 by α-linolenic acid, which was one of the n-3 PUFAs, promotes the secretion of GLP-1 in vitro and in vivo, and increases circulating insulin. GPR120, one of the G-protein coupled receptors, is highly expressed in mature adipose tissue, inflammatory macrophages, and lower intestinal L cells [48] - [51] . Hirasawa and co-workers suggested that n-3 PUFA intake might be useful in the treatment of DM [49] . In fact, Morishita and co-workers reported that direct administration of n-3 PUFAs such as DHA, EPA, and EPA-ethyl esters into the intestine stimulates GLP-1 release in rats [52] - [55] . In their proof of concept study for DHA as DM therapeutics, the strong effects of intracolonic administration of DHA on blood glucose, plasma GLP-1 concentration, and pancreatic islets were clearly demonstrated (Figures 2(a)-(c) ) [53] . The blood glucose concentrations were decreased by DHA intracolonic administration, and plasma GLP-1 concentrations tended to be higher in DHA intracolonic administrated mice. In addition, DHA treatment stimulated pancreatic β cells apoptosis and suppressed cell growth in DM mice. Furthermore, insulin sensitivity was improved by a diet containing DHA and EPA for 8 weeks compared with a diet containing linolenic acid [56] . The study suggested the high possibility of DHA or EPA as DM therapeutics as well as importance of their targeting to the lower intestine.
In GPR120-knockdown mice, DHA treatment did not suppress the secretion of inflammatory cytokines such as TNF-α and IL-6, and did not attenuate the release of the chemokine, MCP-1. These changes led to anti-inflammatory effects and improved insulin sensitivity. These results show clearly that the anti-inflammatory effects and anti-insulin-resistance effects of DHA are GPR120 dependent [49] .
Dysfunctional GPR120 has been reported in both obese rats and humans [57] . A GPR120-specific agonist improved insulin sensitivity in obese mice [58] , indicating that the induction of GLP-1 secretion through GPR120 has antidiabetic effects. n-3 PUFA bound to GPR120 causes suppression of the toll-like receptor pathway and the TNF-α pathway, which leads to anti-inflammatory effects. β-Arrestin 2 plays an important role in these pathways. Luan and co-workers showed that β-arrestin 2 was strongly downregulated in diabetic mouse models and that knockdown of β-arrestin 2 exacerbated insulin resistance, whereas the administration of β-arrestin 2 restored insulin sensitivity in mice [59] . They also showed that insulin stimulated the formation of new β-arrestin 2 signal complexes, in which β-arrestin 2 scaffolds Akt and Src to the insulin receptor. Loss or dysfunction * p < 0.05, significant difference between vehicle-and DHA-treatment group. Reproduced with permission from [53] . of β-arrestin 2 causes a deficiency in this signal complex and disturbance of insulin signaling in vivo, thereby contributing to the development of insulin resistance and progression of T2DM.
Whether insulin resistance is improved by n-3 PUFAs is controversial [60] - [62] . Some reports have shown that fish oil intake alleviates insulin resistance by suppressing inflammation caused by macrophages in vitro but not in vivo. Shida and co-workers reported that the improvement in insulin resistance by n-3 PUFAs correlated strongly with the intestinal GPR120 location [53] . To be most effective in controlling the blood glucose level with n-3 PUFAs (or fish intake), n-3 PUFAs must reach the colon or lower intestine. They suggested that n-3 PUFAs must be administrated directly to the colon because orally ingested fatty acids do not easily reach the colon [53] . In addition, Ichimura and co-workers reported a human GPR120 variant [57] and that the risk of obesity or insulin resistance relates to the GPR120 variant. In T2DM, patients with a mutation in the gene encoding GPR120, an n-3 PUFA-rich diet intake did not always improve insulin sensitivity or DM.
Other genetic risk factors may also be involved in the absence of improvement in insulin resistance in response to n-3 PUFA supplementation. For instance, because the brain uptake of DHA is strongly influenced by the apolipoprotein E ε4 allele (APOE4), DHA intake has no beneficial effects on cognition in people with APOE4, and this allele is a strong risk factor for AD [19] . Therefore, restoring insulin resistance by providing an n-3 PUFA-rich diet should be considered in future trials of genetic risk factors ideally before the first stage of DM.
Insulin-Sensitizing Effects of n-3 PUFAs via SREBP and PPARs
After a meal, the increased circulating levels of glucose and insulin promote de novo fatty acid synthesis and impair β-oxidation, leading to the development of hepatic steatosis. Lipid accumulation in the liver in the form of excess ectopic lipids is caused by elevated levels of circulating serum triacylglycerol and free fatty acids, and is preceded by inflammatory and endoplasmic reticulum stress, which leads to insulin resistance and impaired insulin secretion [63] . N-3 PUFAs suppress hepatic lipid synthesis through the suppression of hepatic SREBP-1 expression by accelerating its transcript decay [64] . For instance, dietary n-3 PUFAs decrease the transcription of the genes encoding hepatic lipogenic or glycolytic enzymes, such as fatty acid synthase, acetyl-CoA carboxylase, stearoyl-CoA desaturase, malic enzyme, l-pyruvate kinase, and glucokinase [65] . Mice fed a high-fat and high-glucose diet for 4 weeks gained weight and exhibited abnormal glucose tolerance, increased serum TNF-α and IL-6 concentrations, and increased expression of hepatic fatty acid synthetase [66] . However, mice fed the high-fat and high-glucose diet supplemented with 1% EPA exhibited normal body weight and levels of serum TNF-α and IL-6. Furthermore, hepatic mRNA of fatty acid synthetase, acetyl-CoA carboxylase, SREBP1c, and PPAR-γ were decreased to the control levels.
The expression of lipogenic enzymes or fatty acid synthesis-regulating proteins is suppressed by EPA, which prevents the development of hepatic steatosis and ameliorates insulin resistance. Additionally, n-3 PUFAs stimulate hepatic lipid metabolism through binding to PPARs, which regulates the expression of genes associated with lipid metabolism and adipocyte differentiation. Experiments with PPAR-α-null mice showed mitigation of high-fat diet-induced insulin resistance and improvement in the efficacy of n-3 PUFAs [67] . Wild-type mice fed a high-fat diet containing 27% safflower oil for 2 weeks exhibited a decreased glucose infusion rate (GIR) to half of that of mice fed a normal diet and the emergence of insulin resistance. However, only a limited decrease in GIR was seen in wild-type mice fed the high-fat diet containing 27% safflower oil supplemented with 1% fish oil. By contrast, the high-fat diet containing 27% safflower oil and 1% fish oil fed to PPAR-α-null mice caused hepatic accumulation of triacylglycerol and insulin resistance.
Increased visceral fat deposition alters serum adiponectin level. Serum adiponectin secretion is lower in T2DM patients than in healthy individuals, and this difference is implicated in insulin resistance. Therefore, an increase in serum adiponectin level may indicate an antidiabetic effect. In mice, a diet containing n-3 PUFAs decreased adipose mass, suppressed systemic inflammation, and increased adiponectin transcription in adipose tissue and serum adiponectin concentration [68] - [71] . However, in PPAR-α-null mice, increasing the serum adiponectin concentration did not ameliorate insulin resistance [67] . Taken together, these data suggest that n-3 PUFA intake may attenuate inflammation and endoplasmic reticulum stress, thereby reducing insulin resistance and impaired insulin secretion.
Improvement of Vascular Endothelial Dysfunction by n-3 PUFAs
In this section, the authors focus on DM complications. WHO classifies DM complications into two categories: microvascular or damage to small blood vessels, and macrovascular or damage to larger blood vessels [72] . Microvascular complications include damage to the eyes, which can lead to blindness, damage to the kidneys, which can lead to renal failure, and neural damage, which can lead to diabetic foot disorders. Macrovascular complications include cardiovascular diseases such as heart attack, stroke, and insufficient blood flow to the legs. There is evidence from large randomized controlled trials that good metabolic control in people with T1DM or T2DM can delay the onset and progression of these complications. These diabetic complications are based on vascular endothelial dysfunction, which is caused by PPAR-γ coactivator 1α (PGC-1α), a member of the transcription coactivator family [73] .
Vascular endothelial dysfunction occurs frequently in DM. PGC-1α protein expression is elevated in vascular endothelial cells from diabetic model mice and DM patients. Sawada and co-workers reported that vascular endothelial cells from diabetic model mice or DM patients, which expressed high levels of PGC-1α protein, exhibited significantly less migration compared with control cells, suggesting that PGC-1α contributes to the decrease in cell migration [73] . Vascular endothelial cells that overexpress PGC-1α display significant repression of migration, as measured in migration assays. PGC-1α activates Notch signaling, which is a powerful inhibitor of endothelial migration and sprouting angiogenesis, and inhibits endothelial cell migration, leading to vascular endothelial growth factor (VEGF) resistance. Sawada and co-workers also showed that endothelial cells that overexpress PGC-1α exhibited significantly blunted formation of new blood vessels and strong inhibition of the rate of recovery of blood flow and reendothelialization in in vivo experiments compared with control cells. Another report has indicated that Notch signaling inhibition can rescue VEGF resistance in diabetic endothelial cells and improve blood flow recovery in the murine hind limb ischemia model [74] . By contrast, lack of PGC-1α decreased blood flow recovery in the murine hind limb ischemia model.
In skeletal muscle, PGC-1α expression regulates mitochondrial biosynthesis, increases GLUT4 expression, and increases insulin secretion, all of which increase glucose uptake and insulin sensitivity. In other words, the increase in PGC-1α expression in skeletal muscle ameliorates insulin resistance. Conjugated linolenic acid and n-3 PUFAs increase mitochondrial biosynthesis and metabolic rate in skeletal muscle cells [12] . N-3 PUFAs increased PGC-1α expression in skeletal muscle cells by up to 165% of the level in control cells not exposed to n-3 PUFAs [75] .
To date, there have been no reports on whether PGC-1α expression in endothelial cells is related to antidiabetic effects. In endothelial cells cultured in 25 mM glucose, the PGC-1α mRNA and protein expression levels were doubled compared with control levels, suggesting that a continuous high blood glucose level can increase PGC-1α protein expression in endothelial cells in DM. Because n-3 PUFAs have a hypoglycemic effect, the improvement in endothelial cell dysfunction based on the suppression of PGC-1α expression is expected upon normalization of blood glucose by n-3 PUFAs. The control of PGC-1α expression in endothelial cells by n-3 PUFAs might be a novel therapeutic target for preventing DM complications. In addition, the n-3 PUFA concentration might serve as a DM biomarker. For instance, studies have shown that higher serum n-3 PUFA concentration is associated with a long-term lower risk of T2DM [76] , increased serum and cerebrospinal fluid n-3 PUFA concentrations correlate strongly with a decrease in the phosphorylation of tau protein in cerebrospinal fluid [7] , and serum n-3 PUFA concentration is closely related to the antidiabetic effects of the DPP-4 inhibitors [77] .
Conclusions
In this review, the authors have focused on the hypoglycemic and antidiabetic effects of n-3 PUFAs from two points of view. The first is the insulin-sensitizing effect caused by n-3 PUFAs, which is based on GLP-1 secretion mediated by GPR120. Because this effect correlates strongly with the intestinal GPR120 location, targeted delivery of n-3 PUFAs to the colon is essential for the most effective control of blood glucose level by n-3 PUFAs. The second is the insulin-sensitizing effect of n-3 PUFAs mediated by SREBP and PPAR, which alter lipid metabolism and suppress inflammation, and can thereby ameliorate insulin resistance.
Further, the DM complication of blood vessel damage caused by endothelial dysfunction is improved by repressing PGC-1α expression in endothelial cells. We propose that controlling of PGC-1α expression in endothelial cells with n-3 PUFAs might provide a novel therapeutic approach to preventing blood vessel damage as a DM complication. In addition, n-3 PUFA concentration may be useful as a DM biomarker because the n-3 PUFA concentration correlates strongly with DM risk.
Recent human clinical trials with n-3 PUFAs in DM patients are listed in Table 1 as recent human clinical No effects on inflammatory gene expression such as IL-6, TNF-α, IL-18 and STAT3.
[62]
To investigate the effect of n-3 PUFAs on nerve structure and function in T1DM (Whether n-3 PUFAs prevents or limits nerve damage in T1DM trials with n-3 PUFAs in diabetes patients. Some of them are ongoing. Outcome of these researches is highly expected, and it will clarify the antidiabetic effects of n-3 PUFAs and the role of n-3 PUFAs in the treatment of DM.
